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Contextuality is considered as an intrinsic signature of non-classicality, and a crucial resource for
achieving unique advantages of quantum information processing. However, recently there have been
debates on whether classical fields may also demonstrate contextuality. Here we experimentally
configure a contextuality test for optical fields, adopting various definitions of measurement events,
and analyse how the definitions affect the emergence of non-classical correlations. The heralded
single photon state, a typical non-classical light field, manifests contextuality in our setup, while
contextuality for classical coherent fields strongly depends on the specific definition of measurement
events which is equivalent to filtering the non-classical component of the input state. Our results
highlight the importance of definition of measurement events to demonstrate contextuality, and link
the contextual correlations to non-classicality defined by quasi-probabilities in phase space.
The probabilistic nature of measurements in quantum
theory, in which observables do not have pre-determined
values, is one of the most distinguishing features in con-
trast to classical physics. This property is accentuated
when considering measurements of compatible observ-
ables and can be formulated as contextuality [1, 2], which
means that the outcome of a measurement will depend
on the context of the other measurements being per-
formed. Contextuality can be demonstrated through the
violation of non-contextual (NC) inequalities usually in-
volving dichotomic measurements with binary outcomes.
Similar to non-locality originated from quantum entan-
glement, contextuality is often considered as a signature
of non-classical behavior [3–7], and a critical resource of
quantum computation [8–12] and quantum communica-
tion [13].
Recently, there have been a new type of investigation
called classical entanglement, which draw the analogy be-
tween non-separability among different degrees of free-
dom of classical light fields and entanglement among dif-
ferent particles, and suggest that features such as entan-
glement are not unique to quantum theory [14–18]. As a
natural extension of classical entanglement, contextual-
ity in classical systems has also drawn much interest. In
particular, there have been debates on whether classical
fields, i.e. coherent or stochastic light beams, can repro-
duce the correlations to violate NC inequalities [19, 20]
or not [21], and whether such correlations may enhance
the performance of certain applications [22–24].
To date, tests of contextuality and entanglement in
classical systems have used measurement devices differ-
ent from those used for quantum systems [17–19], and
the binary outcomes are not the direct response of the
devices but rather defined artificially with certain selec-
tion rules and through proper considerations of measure-
ment events [19]. Although these devices are elaborately
designed to ensure the classical systems reproduce prob-
ability distributions given by the quantum theory, they
have, nevertheless, different working mechanisms other
than those used for quantum systems. This difference,
together with the specific selection rules on measurement
outcomes, makes the comparison between the behaviors
of quantum and classical systems obscure, and the re-
lation between contextuality and non-classicality of the
system remains unspecified.
To resolve the obscurity, in this work we examine the
violations of a fundamental NC inequality for both sin-
gle photon state and coherent states with the same setup
and different measurement events. Through this unified
comparison, our configuration of the test confirms con-
textuality of single photon state, and shows how contex-
tual correlations emerge for coherent states under proper
consideration of measurement events. Our results estab-
lish the relation between the violation of the NC bound
for a linear-optical setup and the non-classicality of the
measured field.
The scenario of testing contextuality.—As shown in
Fig. 1, a test of contextuality consists of a physical
system in a given state ρ as input and measurement
device including a set of observables {Ai}, where i la-
bels a particular observable. In each trial, the device
performs measurements of several compatible observ-
ables constituting a measurement context, for example
{Ai, Ai+1} [25], and produces the well-defined measure-
ment outcomes {ai, ai+1}. From the operational point
of view, two observables are compatible if they can be
jointly measured in a single device [1, 26]. In actual im-
plementations, there may be outcomes besides Ai and
Ai+1, which can be encapsulated in an ancillary observ-
able Aanc = aanc (aanc = 0, 1, ..., d).
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FIG. 1. The scenario of testing the KCBS inequality. A phys-
ical system is prepared in state ρ and sent to a measurement
device, which performs measurements of compatible observ-
ables {Ai, Ai+1} and produces outcomes {ai = ±1, ai+1 =
±1}. The measurement device can be set to different con-
figurations to realize distinct contexts {Ai, Ai+1}. An event
register records the statistics of outcomes (including potential
ancillary outcomes Aanc = aanc).
An NC inequality is usually associated with a parame-
ter β involving the linear combination of the probabilities
P of a set of events E [27]. The Klyachko-Can-Biniciog˘lu-
Shumovsky (KCBS) inequality [28] is the most funda-
mental NC inequality satisfied by all non-contextual hid-
den variable models [29]. Consider five dichotomic ob-
servables Ai (i = 1, 2, ..., 5), each taking a value +1 or
−1. Assuming the outcomes of observables reveal a pre-
determined joint probability distribution, we arrive at
the KCBS inequality [28]
β = 〈A1A2〉+〈A2A3〉+〈A3A4〉+〈A4A5〉+〈A5A1〉 ≥ −3.
(1)
Violation of this inequality implies that the tested system
is contextual. Quantum theory predicts the maximum
violation of the inequality to be 5 − 4√5 ≈ −3.944 [28–
32].
In the KCBS inequality, the correlation between Ai
and Ai+1, of the form 〈AiAi+1〉, can be measured by the
joint probabilities of all possible outcomes
〈AiAi+1〉 =P (Ai = 1, Ai+1 = 1) + P (Ai = −1, Ai+1 = −1)− P (Ai = −1, Ai+1 = 1)− P (Ai = 1, Ai+1 = −1)
=1 + 4P (Ai = −1, Ai+1 = −1)− 2P (Ai = −1)− 2P (Ai+1 = −1). (2)
Here P (Ai = ai, Ai+1 = ai+1) denotes the probability of
the event “the outcomes ai, ai+1 are acquired when the
measurements Ai, Ai+1 are performed”.
Experiment.—Figure 2 illustrates the experimental
setup to test the KCBS inequality using heralded single
photons or classical coherent light fields. The former are
generated through spontaneous parametric downconver-
sion (SPDC) within a potassium di-hydrogen phosphate
(KDP) crystal pumped by a frequency doubled pulsed
Ti:sapphire laser (830nm, 76MHz) [33], while the lat-
ter is implemented with a set of coherent states gener-
ated by a Ti:sapphire laser with a reduced repetition
rate (1.9MHz) using a pulse picker and under different
attenuation. The SPDC is generated at a low pump
regime and an avalanche photodiode (APD) in the trig-
ger arm heralds the generation of a single photon state
in the other arm as the multi-photon components are
negligible. This can be confirmed by the value of the sec-
ond order correlation function for heralded single photons
g(2)(0) = 0.0397(38). The detected count rate of single
photons is ∼57000 counts/series (in 1.4s) under a herald-
ing efficiency ηH = 16.2% accounting for all the losses.
The test of the KCBS inequality involves three modes
of the light field. In our setup, the three modes are de-
fined as one spatial mode of the light field, and the ver-
tical polarization and horizontal polarization in another
spatial mode. The light field is injected in the horizontal
polarization in the second spatial mode. The measure-
ment devices are composed of an optical network to per-
form transformations on polarization and spatial modes
of the input optical field and three APDs to produce
outcomes. We change the settings of waveplates to re-
alize the measurements of a different pair of observables,
and thereby, distinct contexts. The transformation from
one context to the other leaves one of the two measure-
ments unaffected, ensuring the measurement is physically
the same in the two contexts. The two measurements
in each context are realized in a single device and de-
fined by different detectors, thus they are co-measurable
and compatible. We assign −1 for the measurement out-
come when the corresponding APD gives a click and +1
when it does not. Two APDs give the outcomes of mea-
surements Ai, Ai+1, and the third APD plays the role
of the ancilla, used to identify the measurement event,
i.e. only one detector clicks, at least one detector clicks,
etc. The measurement of Ai corresponds to a transfor-
mation on the optical modes from the input configura-
tion (0, 0, 1)T to ci
(
cos(4pii/5), sin(4pii/5),
√
cos(pi/5)
)T
(ci is the normalization coefficient) [34]. All the relevant
twofold, threefold and fourfold coincidences between the
3 APDs and the trigger signal are registered using a field-
programmable gate array (FPGA) to give the joint prob-
abilities in 〈AiAi+1〉 [34]. We record clicks of each con-
text in 150 series, 1.4s each, to acquire the expectation
value and standard uncertainty.
The data is registered with respect to the measurement
3FIG. 2. Experimental setup for testing the KCBS inequality with single photons and coherent light. Single photons are heralded
using spontaneous parametric down conversion; the classical light is a weak coherent state generated by a Ti:Sapphire laser and
attenuated by neutral density (ND) filters (purple area). The repetition rate of the pulses is reduced by a pulse picker (1.9MHz).
The measurement device (yellow area) is realized by a linear optical network, comprised of birefringent beam displacers (BDs),
half wave plates (HWPs) and avalanche photodiodes (APDs). A FPGA registers relevant events (green area) with a coincidence
window of 4.5 ns. BBO: β-barium borate crystal, KDP: potassium di-hydrogen phosphate crystal and PBS: polarizing beam
splitter.
event, i.e., a successful trial of the experiment, which can
be defined with the aid of ancillary outcomes and the in-
put trigger. For one single photon input, ideally one and
only one detector can “click”, neglecting dark counts, and
thus provides a well-defined “measurement event”. In
contrast, when the coherent light field, which is consid-
ered to be classical, is input to the measurement device,
there is a non-negligible probability for more than one de-
tector to click due to the multi-photon component within
the coherent state |α〉. Moreover, there are situations
that no detector clicks even a state has been input, due
to the inherent vacuum component. This fact leads to an
inconclusive definition of “measurement event” for clas-
sical inputs if we only take the measurement outcomes
without referring to the input. In the following analyses,
we consider three conditions to define the measurement
event: (i) E1: only a single detector clicks; (ii) E2: at
least one detector clicks; (iii) E3: the full click statistics,
i.e. no post-selection on detectors clicking or not clicking.
Generally speaking, E1 ⊂ E2 ⊂ E3. For a perfect single
photon input without any loss, E1 = E2 = E3 and thus
the measurement event is defined unambiguously.
In the experiment the presence of single photons is
heralded by the detection of photons in the trigger detec-
tor DT . However, inevitable experimental imperfections,
in particular optical losses and finite detection efficien-
cies, result in a reduced heralding efficiency and add the
vacuum component to the setup, rendering the statistics
of measurement outcomes different from those with the
perfect single photon input. Since we are interested in
the contextuality within different input states, we resort
to fair sampling assumption in the sense that the lost
photons would have the same behavior as the registered
photons. This assumption essentially removes the addi-
tional vacuum component and restores the result with
perfect single photons, resulting in E1 ≈ E2 = E3 in
our experiment. Then a measurement event happens
when at least one of the three detectors clicks condi-
tioned on the trigger detector registering photons. By
collecting statistics under such definition, we obtained
the KCBS value β = −3.9176(60), showing a clear vio-
lation of the KCBS inequality and confirming that the
indivisible single-photon system is undoubtedly contex-
tual. The results without fair sampling, which take into
account the vacuum component caused by losses as part
of the state, are given in the Supplemental Material [34].
In this case, the three definitions of measurement event
do not necessarily give the same result (E1 ≈ E2 6= E3
for our source) and a heralding efficiency above 89.65%
is required for an unambiguous violation of the KCBS
inequality.
For the situation with the classical light field as the
input, fair sampling cannot be applied in the same way
since it is hard to distinguish between the vacuum com-
ponent inherent to the input state and those appear due
to loss. Yet given that the coherent state remains a co-
herent state after loss, we can alternatively take all the
vacuum components as part of the state. In this way the
losses are lumped together in the state preparation and
backed out from the measurement devices. The experi-
mental results for the classical light field are shown in Fig.
3(a), where n¯ = |α|2 represents the average photon num-
ber per pulse of the coherent state. The violation of the
NC inequality under E1 is similar to that of single pho-
tons, which reaches the quantum bound. Note that due
to the saturation of the APD, the violations can even be
stronger than the quantum bound [34]. E2 takes a simul-
taneous response of different detectors into consideration,
but still filters out the contribution of the vacuum com-
ponent which does not fire the detectors. As a result, a
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FIG. 3. (a) Experimental KCBS values (markers) and theoretical predictions (solid lines) for coherent light fields under
different measurement events Ej : E1 (triangle, blue), E2 (square, red) and E3 (dot, purple). The experimental result for
heralded single photon source (HSPS) with fair sampling (pentagram, red) is also plotted for comparison. (b) Post-selection
probabilities for coherent light fields under different Ej . The error bars are too small [34] to see in the two figures.
significant violation is observed when the zero-click prob-
ability is considerable; and the violation disappears with
the increase of n¯ because the zero-click probability gets
negligible. For E3 we record all events with respect to the
repetition rate of the input state. Under this condition,
coherent states cannot violate the KCBS inequality. The
experimental results are in agreement with the theoret-
ical predictions [34]. The result for the heralded single
photons with fair sampling is also shown in the figure for
comparison. It can be seen that the results with coherent
states are in strong contrast to those with single photons,
where E1, E2 and E3 give nearly the same violation of
the inequality.
The definition of the measurement event is essential for
testing contextuality with classical systems. Actually,
we assign conditional probabilities P (Ai = ai, Ai+1 =
ai+1|Ej) under Ej . Since in general E1 ⊂ E2 ⊂ E3,
E1 and E2 would register events conditionally, result-
ing in post-selection in measurement outcomes. With
such post-selection, the probabilities of events are ob-
served and renormalized in a subspace of the complete
outcomes. The post-selection probability under Ej can
be calculated by
P (Ej) =
P ({Ai = ai, Ai+1 = ai+1} ∩ Ej)
P ({Ai = ai, Ai+1 = ai+1}|Ej) , ∀ai, ai+1.
(3)
Figure 3(b) demonstrates the post-selection probabilities
P (Ej) for different Ej [34]. E1 always violates the in-
equality, but maintains a small post-selection probabil-
ity. The value of β under E2 increases with the increase
of the post-selection probability P (E2), while P (E2) ap-
proaches 1 at large n¯, due to the vacuum component of
the input field becomes negligible. These results demon-
strate the quantum-to-classical transition in the contex-
tuality test, from single photons to coherent light fields.
For the full statistics E3, which poses no post-selection,
we observe no violation of the KCBS inequality.
Discussion.—The violation of the NC inequality is de-
termined by the joint photon number distributions be-
fore the detectors in our setup. According to Eq. (2),
the violation is related to the correlation function of the
outcomes i, i+ 1 defined by
gi,i+1 =
P (Ai = −1, Ai+1 = −1)
P (Ai = −1)P (Ai+1 = −1) . (4)
This quantity is similar to the second order correlation
function g(2) often used to assess the non-classicality of
light field. For a linear-optical network with a coherent
light field as the input, the output state is uncorrelated
between different modes [35, 36], i.e. gi,i+1 = 1. It fol-
lows that 〈AiAi+1〉 = [1− 2P (Ai = −1)][1− 2P (Ai+1 =
−1)] = 〈Ai〉〈Ai+1〉, and thus the KCBS inequality cannot
be violated. Moreover, if the input field is not perfectly
coherent (e.g., the thermal light), the output modes are
classically correlated [37], but the result still does not vio-
late the NC inequality [34]. Violating the KCBS inequal-
ity requires at least gi,i+1 < 1, implying non-classical cor-
relations of outcomes which put the requirement on input
states. To elucidate this requirement, we start with the
Glauber–Sudarshan P representation of the input optical
field ρˆ =
∫
d2α P (α)|α〉〈α| [38, 39]. Then the value of β
can be represented as
βEj =
∫
d2α P (α)β (α|Ej) , (5)
where β (α|Ej) denotes the value of β for the coher-
ent state |α〉 under Ej . If one aims at testing the
5contextuality of the input system, the measurement
event should be correspondingly defined in accordance
with the input (E3) instead of the help of ancillary
outcomes (see Fig. 1). For our setup β (α|E3) =
5
[
1− 2 exp (−|α|2/√5)]2 ≥ 0 [34], we have
βE3 = 5
∫
d2α P (α)
[
1− 2 exp
(
−|α|2/
√
5
)]2
, (6)
where P (α) uniquely determines the photon number dis-
tribution [34]. βE3 < −3 requires P (α) to be negative for
certain α or more singular than the Dirac-delta function.
In this sense, violation of the KCBS inequality without
post-selection provides a sufficient criteria for the non-
classicality of the input optical state. As an example,
we provide a numerical simulation on the violation of the
KCBS inequality with different optical states (see Fig. S4
of the Supplemental Material [34]).
On the other hand, the measurement event definition
procedure in our experiment can be understood as a post-
selection on certain component of the input optical state.
For example, E1 effectively selects the single-photon com-
ponent when the intensity is low, while E2 removes the
vacuum component of the state [40]. Such post-selection
can be understood as the time reversal between input and
measured states [41], and can be confirmed by compar-
ing βE1 and βE2 of coherent states with βE3 of the post-
selected components, respectively [34]. Both the post-
selected states possess non-classical superposition in the
P function, allowing a possible violation of the KCBS
inequality. Indeed the post-selected correlation gi,i+1 for
E1 always equals 0, while gi,i+1 = 1 − exp
(−|α|2) < 1
for E2. From this perspective, the violation of the in-
equality should be attributed to the post-selected non-
classical components, which are non-deterministically
generated with probability P (Ej) < 1. In particular for
the coherent state input, P (E1) = exp
(−2|α|2/√5) +
2 exp
[− (√5− 1) |α|2/√5] − 3 exp(−|α|2) and P (E2) =
1 − exp (−|α|2). Accordingly, the resource for this non-
classical behavior should be carefully evaluated [42]. One
can demonstrate quantum (even beyond quantum) con-
textual statistics with only classical inputs but at a cost
of more resources, i.e. more copies of states, due to the
reduced post-selection probability. The relation between
this resource and the memory cost needed to demonstrate
contextuality [43, 44] is an interesting issue to be further
investigated.
Conclusion.—We show how the definition of measure-
ment events affects the emergence of the violation of the
KCBS inequality for both single photons and coherent
states with linear-optical setup. It is shown that the
violation of the non-contextual inequality requires non-
classicality in the quasi-distribution of the optical states
in phase space. Quantum correlations can emerge by
filtering the non-classical component of the optical field
through an appropriate definition of measurement events,
but at a cost of reduced post-selection probability. Our
results shed new light on the boundary between the quan-
tum and classical domains, and foreshadow a new means
of resource evaluation for classical simulation of quantum
contextuality.
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7SUPPLEMENTAL MATERIAL
EXPERIMENTAL DETAILS
Single photon source and classical light source.—Light pulses of ∼150 fs duration, centered at 830 nm, originating
from a Ti:Sapphire laser (76MHz repetition rate, Coherent Mira-HP) are split by a beam splitter into two beams. The
transmitted one is sent to a pulse picker (Coherent, distinction ratio > 500 : 1) since the repetition rate of the laser
oscillator is too high to the bandwidth of photon-counting detectors. The repetition rate of the light pulses is reduced
to 1.9MHz and the intensity of the pulses is attenuated by a set of neutral density filters. A synchronizing signal from
the pulse picker (1.9MHz) gives the trigger signal of the weak coherent state input. The reflected beam is frequency
doubled in a β−barium borate (BBO) crystal to generate second harmonic beam (415 nm central wavelength). Then
the beam is used to pump a 10 mm bulk potassium dihydrogen phosphate (KDP) crystal phase-matched for type-II
collinear degenerate downconversion, which produce photon pairs, denoted as signal and idler. The signal and idler
photons are separated by a polarizing beam splitter (PBS) and coupled into single mode fiber. The idler mode is
detected by an avalanche photodiode (Excelitas Technologies, SPCM-AQRH-FC with a detection efficiency about
49%) to give the trigger of the heralded single photon source, while the signal mode is sent to the measurement
device shown in the main text. In addition, the second order coherence value g(2)(0) of the heralded single photons is
measured by splitting the signal mode at a 50:50 beam-splitter and detecting the two output modes with two APDs
(labeled by a, b), then the second order coherence value can be calculated by
g(2)(0) =
Ca,b,T
Ca,TCb,T
NT . (7)
Here Ca,b,T denotes the three-fold coincidence rate between detectors a, b and heralding, while Ca,T (Cb,T ) denotes
the coincidence rate between detectors a (b) and heralding. The experimental result exhibits g(2)(0) = 0.0397(38),
ensuring the measured state is very close to a single photon state. Moreover, to estimate the imperfections in the
state preparation and detection, and thereby the vacuum component caused by loss in the experiment, we calibrate
the losses in the state preparation and detection respectively, and reconstruct the photon number statistics of the
state at three different positions of the setup [45, 46]: (i) before all the loss, i.e., derived from the final photon number
distribution and the beam splitter model; (ii) before the measurement device, accounting for the imperfection in the
source; (iii) accounting for all the loss. The results are shown in Fig. 4.
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FIG. 4. The reconstructed photon statistics of the single photon source at different positions: (a) before all the loss,(b) before
the measurement device and (c) accounting for all the loss.
Fair sampling for the two sources.—The idea of fair sampling is that the reported statistics is a fair statistical
sample of the results of kind of states without any loss, based on the assumption that the loss is independent on the
measurement settings. For heralded single photons, the loss in the setup would add additional vacuum component to
the state, and all the events with no clicks on the three detectors are caused by loss. As a result, we can extrapolate
the measurement results to what would be obtained with 100% detection efficiency according to the fair sampling
assumption. The events conditioned on “at least one of the three detectors (D1, D2, D3) clicks, and simultaneously
the trigger DT clicks” are fair samples of the ensemble of all heralded single photons without loss. Alternatively,
one can also consider the results without applying fair sampling. In the following, we consider an experiment with
non-unit heralding efficiency, and the results correspond to a state including the vacuum component caused by losses
8TABLE I. Summary of the results for the single photon source with or without fair sampling.
E1 E2 E3
With fair sampling −3.9284(59) −3.9176(60) −3.9176(60)
Without fair sampling −3.9284(59) −3.9176(60) 3.5550(30)
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FIG. 5. The KCBS values and post-selection probabilities for heralded single photons without applying fair sampling: (a) the
KCBS values, (b) The post-selection probabilities.
in the apparatus. The heralding efficiency ηH is defined by
ηH =
∑
i Ci,T
NT
, (8)
where NT denotes the count rate of heralding clicks (the trigger detector DT ), and Ci,T denotes the coincidence count
rate between the detector i and the trigger detector DT . The measured heralding efficiency of single photons in the
experiment is 16.2%. Figure 5(a) shows the KCBS value for the single photon source without applying fair sampling,
which gives the measured value β = 3.5550(30) under E3 and β = −3.9176(60) under E2 in our case. The result
of E1 is very close to that of E2 because the multi-photon component for the source is nearly zero. The detailed
experimental values are shown in Table. I. It can be seen from the figure that the increasing of the value is mainly
due to the finite heralding efficiency compared with the one for ideal single photons. If we do not apply the fair
sampling assumption, the violation of the non-contextual bound cannot be observed with a heralding efficiency less
than 89.65%. The single photon source can achieve quantum bound without applying fair sampling if the heralding
efficiency is sufficiently high, while the coherent states with varied amplitudes never violate the inequality under full
statistics E3, irrespective of detection efficiency and intensity.
Measurement 
Device without 
Loss
Detector 
Clicks
Coherent 
State
Input state
Loss
FIG. 6. The schematic diagram of fair sampling for coherent state inputs.
For coherent state input, fair sampling can be taken in the same idea that the loss is independent of measurement
setting, thus the registered statistics is a representative sample of a attenuated coherent state accounting for the
losses. Note a coherent state remains coherent with loss and the photon number distribution is always Poissonian
with a smaller average photon number. Given that the measurement device is based on a linear optical network, it is
reasonable to incorporate the overall losses from the photonic network and detection into the preparation part. The
overall detection efficiency η can be abstracted as a beam splitter with splitting ration η : (1− η) in the preparation
9TABLE II. The correspondence between the registered events and the clicks of detectors D1, D2 and D3 (as in Fig. 2 of the
main text). Note all of the events are conditioned on the measurement event Ej .
i Measurement context N(Ai = −1) N(Ai+1 = −1) N(Ai = −1, Ai+1 = −1)
1 {A1, A2} D2 D3 D2 ∩D3
2 {A2, A3} D3 D1 D1 ∩D3
3 {A3, A4} D1 D2 D1 ∩D2
4 {A4, A5} D2 D3 D2 ∩D3
5 {A5, A1} D3 D2 D2 ∩D3
stage, thus the measurement result is equivalent to that for a coherent state |√ηα〉, and the linear optical network can
be regarded as a lossless channel, as shown in Fig. 6. The registered detector clicks is a fair sample of the coherent
state with a smaller average photon number.
To estimate the reduced average photon number of the coherent state η|α|2 from the click statistics, we consider
the detection of coherent states |αi〉 distributed in m modes. The average collected clicks when we put m APDs to
detect the light fields can be derived from the Poissonian distribution of coherent states
ncollected =
m∑
i=1
n′i =
m∑
i=1
[
1− exp (−|αi|2)] . (9)
Here |αi|2 denotes the average photon number of the coherent state in the i-th mode, and n′i denotes the corresponding
collected average clicks by the i-th APD. Applying Eq. (9) to the scenario in our experiment, we arrive at the average
photon number n¯ of the coherent state |√ηα〉
n¯ = η|α|2 =
m∑
i=1
|αi|2 =
m∑
i=1
ln
1
1− n′i
. (10)
Measurement setting and data collection.—In the language of quantum theory, the maximum violation of the KCBS
inequality can be achieved by performing 5 projective measurements on a qutrit system. For the single-photon input
|ψ〉 = (0, 0, 1)T , the 5 projectors can be represented as Pi = |ψi〉〈ψi| (i = 1, 2, ..., 5), where
|ψi〉 = ci
(
cos(4pii/5), sin(4pii/5),
√
cos(pi/5)
)T
. (11)
Here ci is the normalization coefficient. Then the 5 observables can be defined by Ai = 2Pi − 1 , producing outcomes
{+1,−1} [28]. The three modes in our setup are defined as one spatial mode of the light field, and the vertical
polarization and horizontal polarization in another spatial mode, denoted as mode 0,1,2 respectively. The beam
displacers (BDs) and half wave-plates (HWPs) are then used to perform operations on the polarization modes and
transformations on the spatial modes. The following detectors thus perform the corresponding measurements by the
detection of the light field distributed in the three modes. The experiment goes by changing one of the measurement
to another and measuring a different context. The data of the experiment is recorded by an event register, including
the clicks of the detectors (the three APDs) and the signal from the input trigger. The trigger signal of the single
photon source is the clicks of the trigger APD in the idler mode of the spontaneous parametric down-conversion
(SPDC), while the trigger signal of the classical light pulses is a synchronizing signal of the pulse picker monitored by
a fast photodiode (PD). In each measurement context, two of the three APDs give the outcomes of the observables
Ai, Ai+1, while the third APD plays the role of ancillary outcomes Aanc = 0, 1. The detailed settings that the clicks
of which two detectors are registered are summarized in Table. II. For example, in the context {A1, A2}, we register
the clicks of Detector 2 for the counts n(A1 = −1), the clicks of Detector 3 for the counts n(A2 = −1), and the
coincidences of Detector 2 and Detector 3 for counts n(Ai = −1, Ai+1 = −1). All of the counts are collected with
respect to the measurement event Ej with counts Nj . Then the conditional probabilities P (Ai = −1, Ai+1 = −1|Ej)
can be calculated by P (Ai = −1, Ai+1 = −1|Ej) = n(Ai = −1, Ai+1 = −1|Ej)/Nj . In other words, the probabilities
are assigned and renormalized over the event Ej . In the experiment with full statistics (E3), the statistics of outcomes
are registered with respect to the input trigger without the help of the ancillary outcome. The dark noise is negligible
compared with the count rate because all the registered counts are based on the coincidences between the detectors
and the input trigger.
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TABLE III. Collected experimental result for the single photon source input.
i Measurement context P (Ai = −1) P (Ai+1 = −1) P (Ai = −1, Ai+1 = −1) Calculated value 〈AiAi+1〉
1 {A1, A2} 0.4446(19) 0.4495(19) 0.0013(2) −0.7831(28)
2 {A2, A3} 0.4593(20) 0.4442(21) 0.0013(2) −0.8017(27)
3 {A3, A4} 0.4570(20) 0.4323(19) 0.0013(1) −0.7735(24)
4 {A4, A5} 0.4290(22) 0.4583(22) 0.0013(2) −0.7692(28)
5 {A5, A1} 0.4573(20) 0.4403(20) 0.0013(1) −0.7900(28)
β −3.9176(60)
Summary of results and imperfections.—As a detailed summary of the experimental results, the experimental values
with error bars for the coherent state inputs are summarized in Table. V. Moreover, we give the collected experimental
probabilities for several representative cases with coherent states under different measurement events Ej , as shown
in Tables. VI and VII. For each measurement context, the assigned probabilities P (Ai = −1|Ej), P (Ai+1 = −1|Ej)
and P (Ai = −1, Ai+1 = −1|Ej) with respect to the measurement event Ej are used to calculate the correlation
〈AiAi+1〉|Ej by Eq. (2) in the main text.
TABLE IV. Collected experimental result to correct the bound.
P (A1 = −1) P (A′1 = 1|A1 = −1) P (A1 = 1) P (A′1 = −1|A1 = 1) Calculated −3− 
0.4446(19) 0.0058(7) 0.5554(19) 0.0020(4) −3.0074(9)
In our experiment, the main imperfection is the inaccuracies of the configurations of waveplates and beam displacers.
This imperfection may lead to five observables which are not ideally symmetric as the maximum violation case. As
a result, the measured probabilities do have some discrepancies from the ideal case, resulting in a lower observed
violation of the KCBS inequality. However, this imperfection does not change the non-contextual bound [Eq. (1)
in the main text], because the derivation of the non-contextual bound does not depend on any specific arrangement
of the experiment, only the axioms of probability theory are assumed. An observed violation of the non-contextual
inequality always shows the contextuality of the system, therefore our arguments are not affected.
Another issue is that due to the experimental imperfections, the measurement A1 in the context {A1, A2} (denoted
as A1 in the following) and context {A5, A1} (denoted as A′1 in the following) are not physically the same. To take
this imperfection into consideration, we adopted the method proposed in [3] to characterize the difference between A1
and A′1 and correct the non-contextual bound. The non-contextual inequality in the practical case is a test including
six observables, A1, A2, ..., A5 and A
′
1. The effect of this difference on the non-contextual bound is quantified by
 = 1− 〈A1A′1〉 = 2 [P (A′1 = −1|A1 = 1)P (A1 = 1) + P (A′1 = 1|A1 = −1)P (A1 = −1)] . (12)
The conditional probabilities P (A′1 = a
′
1|A1 = a1) can be experimentally measured by setting the measurement
context in {A5, A′1} and blocking the mode corresponding to A1 or the other modes except for A1. As a result, the
experiment is conducted under the condition A1 = 1 or A1 = −1. The experimental result to correct the bound is
shown in Table. IV. This difference render the actual non-contextual slightly different from the ideal case (-3). All
the results in the experiment are compared with the characterized bound rather than the theoretical one.
DETAILS OF THEORETICAL PREDICTIONS
According to the probability theory, the result of a correlation experiment can be abstracted as a mathematical
description of the measurement scenario [27, 47]: the probability space. The probability space is described by a triple
(Ω, E, P ) which consists of 3 parts: the sample space Ω, which is the set of all possible outcomes {ai, ai+1, aanc}; the
event space E, which is a set of events {ek} (subset of Ω) relevant to the purpose of the experiment; the probabilities
of events P , P (Ω) = 1. To test an non-contextual (NC) inequality, one can define a proper event space E, and then
calculate the parameter β with the collected probabilities P of these events.
In the following, we give the quantum description of the classical light experiment and derive the theoretical
predictions. From the viewpoint of quantum theory, coherent states are the quantum-mechanical equivalents of
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TABLE V. Experimental results for classical light field (coherent state) inputs under different definitions of measurement events.
βth, βexp represent the theoretical and experimental values of the left hand of the KCBS inequality respectively, and Pth(Ej),
Pexp(Ej) represent the theoretical and experimental values of post-selection probabilities respectively.
E1: Only 1 detector clicks E2: At least 1 detector clicks E3: Full statistics
n¯ βth βexp βth βexp βth βexp
0.10 -3.9611 -3.9471(32) -3.7830 -3.7680(32) 4.1296 4.1315(24)
0.40 -4.0078 -3.9788(39) -3.3129 -3.2858(31) 2.2720 2.2840(41)
0.72 -4.0579 -4.0146(22) -2.7798 -2.7448(21) 1.0192 1.0462(37)
0.99 -4.1003 -4.0574(28) -2.3081 -2.2716(40) 0.4009 0.4404(60)
1.24 -4.1378 -4.1018(34) -1.8802 -1.8478(38) 0.1103 0.1488(21)
1.57 -4.1859 -4.1482(15) -1.3215 -1.2843(71) 0.0002 0.0506(14)
1.84 -4.2260 -4.1843(21) -0.8503 -0.8069(73) 0.0756 0.1352(28)
n¯ Pth(E1) Pexp(E1) Pth(E2) Pexp(E2) Pth(E3) Pexp(E3)
0.10 0.0961 0.0960(3) 0.0991 0.0991(3) 1 1
0.40 0.2904 0.2896(4) 0.3282 0.3278(5) 1 1
0.72 0.4075 0.4049(3) 0.5117 0.5105(5) 1 1
0.99 0.4551 0.4505(4) 0.6293 0.6271(11) 1 1
1.24 0.4694 0.4647(2) 0.7107 0.7084(6) 1 1
1.57 0.4614 0.4552(3) 0.7909 0.7877(8) 1 1
1.84 0.4394 0.4316(4) 0.8417 0.8378(6) 1 1
TABLE VI. Collected experimental result for classical light input with n¯ = 0.10 under different measurement events Ej .
i Measurement context P (Ai = −1|E1) P (Ai+1 = −1|E1) P (Ai = −1, Ai+1 = −1|E1) Calculated value 〈AiAi+1〉|E1
1 {A1, A2} 0.4455(10) 0.4468(10) 0(0) -0.7845(11)
2 {A2, A3} 0.4502(10) 0.4525(10) 0(0) -0.8054(12)
3 {A3, A4} 0.4576(11) 0.4334(10) 0(0) -0.7820(13)
4 {A4, A5} 0.4291(12) 0.4583(14) 0(0) -0.7748(17)
5 {A5, A1} 0.4591(10) 0.4411(10) 0(0) -0.8004(13)
β −3.9471(32)
i Measurement context P (Ai = −1|E2) P (Ai+1 = −1|E2) P (Ai = −1, Ai+1 = −1|E2) Calculated value 〈AiAi+1〉|E2
1 {A1, A2} 0.4578(9) 0.4591(10) 0.0213(3) -0.7487(12)
2 {A2, A3} 0.4626(10) 0.4649(11) 0.0218(3) -0.7678(13)
3 {A3, A4} 0.4696(11) 0.4459(9) 0.0211(3) -0.7466(13)
4 {A4, A5} 0.4414(12) 0.4701(13) 0.0206(3) -0.7405(18)
5 {A5, A1} 0.4710(10) 0.4533(10) 0.0211(3) -0.7643(13)
β −3.7680(32)
i Measurement context P (Ai = −1|E3) P (Ai+1 = −1|E3) P (Ai = −1, Ai+1 = −1|E3) Calculated value 〈AiAi+1〉|E3
1 {A1, A2} 0.0459(3) 0.0460(3) 0.0021(0) 0.8248(9)
2 {A2, A3} 0.0464(4) 0.0466(4) 0.0022(0) 0.8227(14)
3 {A3, A4} 0.0465(5) 0.0442(4) 0.0021(0) 0.8269(17)
4 {A4, A5} 0.0434(5) 0.0462(4) 0.0020(0) 0.8290(16)
5 {A5, A1} 0.0459(4) 0.0442(4) 0.0021(0) 0.8280(13)
β 4.1315(24)
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TABLE VII. Collected experimental result for classical light input with n¯ = 1.24 under different measurement events Ej .
i Measurement context P (Ai = −1|E1) P (Ai+1 = −1|E1) P (Ai = −1, Ai+1 = −1|E1) Calculated value 〈AiAi+1〉|E1
1 {A1, A2} 0.4435(5) 0.4677(5) 0(0) -0.8223(5)
2 {A2, A3} 0.4674(6) 0.4489(6) 0(0) -0.8327(6)
3 {A3, A4} 0.4634(5) 0.4434(5) 0(0) -0.8137(7)
4 {A4, A5} 0.4395(7) 0.4679(6) 0(0) -0.8148(8)
5 {A5, A1} 0.4637(10) 0.4454(15) 0(0) -0.8183(30)
β −4.0574(28)
i Measurement context P (Ai = −1|E2) P (Ai+1 = −1|E2) P (Ai = −1, Ai+1 = −1|E2) Calculated value 〈AiAi+1〉|E2
1 {A1, A2} 0.5899(9) 0.6080(10) 0.2563(16) -0.3708(29)
2 {A2, A3} 0.6104(8) 0.5967(13) 0.2618(17) -0.3668(28)
3 {A3, A4} 0.6040(4) 0.5888(5) 0.2539(5) -0.3699(9)
4 {A4, A5} 0.5851(16) 0.6064(9) 0.2524(21) -0.3734(35)
5 {A5, A1} 0.6057(8) 0.5920(16) 0.2571(12) -0.3669(13)
β −2.2716(40)
i Measurement context P (Ai = −1|E3) P (Ai+1 = −1|E3) P (Ai = −1, Ai+1 = −1|E3) Calculated value 〈AiAi+1〉|E3
1 {A1, A2} 0.4175(20) 0.4304(21) 0.1814(17) 0.0297(13)
2 {A2, A3} 0.4348(21) 0.4251(24) 0.1865(18) 0.0263(17)
3 {A3, A4} 0.4270(6) 0.4163(6) 0.1795(5) 0.0315(7)
4 {A4, A5} 0.4121(29) 0.4271(24) 0.1778(22) 0.0326(18)
5 {A5, A1} 0.4303(10) 0.4207(16) 0.1827(10) 0.0288(9)
β 0.4404(60)
classical monochromatic electromagnetic waves, due to the fact that the properties of coherent states most closely
resemble the classical behavior of light field. Coherent states can be expanded in terms of the Fock states |n〉, and
the probability of detecting n photons subjects to the Poissonian distribution
|α〉 =
∑
n
exp(−|α|2/2) α
n
(n!)1/2
|n〉 (13)
P(n) =|〈n|α〉|2 = exp(−|α|2) |α|
2n
n!
. (14)
In the experiment with classical light fields, the input state can be denoted as
|ψ〉 = |0〉0|0〉1|α〉2, (15)
where 0, 1, 2 denote the 3 input optical modes. After the transformations of the linear optical network, the state
becomes coherent states distributed in 3 modes. For example, in the measurement context {Ai, Ai+1}, the output
state can be ideally described as
|ψ′〉 =
∣∣∣∣ 14√5α
〉
Ai
∣∣∣∣ 14√5α
〉
Ai+1
∣∣∣∣∣
(
1− 2√
5
)1/2
α
〉
Aanc
. (16)
Here Aanc denotes the optical mode of the ancillary observable corresponding to the third APD in the measurement
device. We define Aanc = 0 when the third APD gives a click and Aanc = 1 when it does not, then the measure-
ment outcomes of the experiment can be represented of the form {ai ai+1 aanc}. Accordingly, the 3 conditions of
measurement events Ej can be defined by
E1 ={−1 + 1 1,+1− 1 1,+1 + 1 0}, (17)
E2 ={−1− 1 1,−1− 1 0,−1 + 1 1,−1 + 1 0,+1− 1 1,+1− 1 0,+1 + 1 0}, (18)
E3 =Ω = {−1− 1 1,−1− 1 0,−1 + 1 1,−1 + 1 0,+1− 1 1,+1− 1 0,+1 + 1 0,+1 + 1 1}. (19)
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TABLE VIII. The measured correlation function gi,i+1 for the outcomes of Ai, Ai+1 for single photons and classical light fields.
A1A2 A2A3 A3A4 A4A5 A5A1
HSPS 0.0391(48) 0.0400(46) 0.0413(44) 0.0408(47) 0.0401(45)
Classical light
n¯ A1A2 A2A3 A3A4 A4A5 A5A1
0.10 1.0102(131) 1.0115(126) 1.0161(144) 1.0115(136) 1.0132(129)
0.40 1.0096(35) 1.0086(32) 1.0104(52) 1.0090(31) 1.0092(31)
0.72 1.0093(17) 1.0147(23) 1.0095(18) 1.0094(17) 1.0088(17)
0.99 1.0139(15) 1.0105(11) 1.0117(13) 1.0097(12) 1.0105(10)
1.24 1.0093(8) 1.0091(10) 1.0099(9) 1.0099(9) 1.0092(7)
1.57 1.0095(7) 1.0094(6) 1.0103(6) 1.0095(7) 1.0093(6)
1.84 1.0093(5) 1.0110(6) 1.0106(5) 1.0105(5) 1.0103(7)
From the perspective of quantum measurements, the APDs perform projective measurements on the quantum state
|ψ′〉. The projection operator Pˆ+1 = |0〉〈0| and Pˆ−1 = 1 −|0〉〈0|, where 1 is the identity operator. As a result, we can
derive the joint probability distribution P (Ai = ai, Ai+1 = ai+1|Ej) over the outcomes under measurement context
{Ai, Ai+1} and measurement event Ej . Consequently, we can calculate the KCBS value β(α|Ej) =
∑
iMi (α|Ej)
and the post-selection probability P (Ej) for coherent state inputs. Here i denotes different contexts {Ai, Ai+1} and
Mi (α|Ej) represents the measurement result 〈AiAi+1〉|Ej for the coherent state |α〉 under Ej .
For Condition (i):
β(α|E1) =
∑
i
Mi (α|E1) = 5×
exp
(−2|α|2/√5)− 2 exp [− (√5− 1) |α|2/√5]+ exp(−|α|2)
exp
(−2|α|2/√5)+ 2 exp [− (√5− 1) |α|2/√5]− 3 exp(−|α|2) (20)
P (E1) =exp
(
−2|α|2/
√
5
)
+ 2 exp
[
−
(√
5− 1
)
|α|2/
√
5
]
− 3 exp(−|α|2); (21)
For Condition (ii):
β(α|E2) =
∑
i
Mi (α|E2) = 5×
1− exp (−|α|2)+ 4 exp (−2|α|2/√5)− 4 exp (−|α|2/√5)
1− exp (−|α|2) (22)
P (E2) =1− exp
(−|α|2) ; (23)
For Condition (iii):
β(α|E3) =
∑
i
Mi (α|E3) = 5×
[
1− 2 exp
(
−|α|2/
√
5
)]2
(24)
P (E3) =1. (25)
THE CORRELATION OF THE OUTCOMES AND THE NON-CLASSICALITY OF THE STATE
The correlation of the outcomes.—As clarified in the main text, the correlations between the measurement outcomes
play a central role in the violation of the KCBS inequality. The measured values of correlation function gi,i+1 [defined
in Eq. (2) in the main text] between the outcomes Ai and Ai+1 in our experiment are summarized in Table VIII for
single photons and classical light fields. As we expected, the measured correlations in the single photon experiment
are nearly zero. The joint probability term P (Ai = −1, Ai+1 = −1) thus can be ignored compared with the marginal
probabilities P (Ai = −1). In contrast, the measured correlations gi,i+1 in the classical light experiments are about
1, which testify the outcomes are uncorrelated. The measured values are slightly larger than 1 due to the intensity
fluctuations in the light waves [40].
When the light intensity is low, the correlation function gi,i+1 defined in the main text can be approximately recast
into
gi,i+1 =
P (Ai = −1, Ai+1 = −1)
P (Ai = −1)P (Ai+1 = −1) ≈
〈IiIi+1〉
〈Ii〉〈Ii+1〉 , (26)
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where Ii represents the intensity of the light in the port i (which corresponds to the observable Ai in the experiment).
This formulas is very similar to the second order coherence g(2)(0) of the light field, which is a witness of non-
classicality of light fields and used to quantify the photon antibunching. In practice, the violation of non-contextual
inequalities does not solely depend on g(2) of the state, but also depends on the specific photon number distribution
(determined by the average photon number for a specific kind of number distribution, e.g., coherent states, thermal
states). As we shown in the main text, the violation of the NC inequality with a linear optical setup is related to the
photon statistics of the input light field. In the following, we establish the connection between the input state and
the violations of non-contextual inequality in the Glauber–Sudarshan P representation.
Non-classicality and contextuality in Glauber–Sudarshan P representation.—We start with the mapping of the linear
optical network for a coherent state |α〉 as input in one mode and vacuum state |0〉 in the other two modes,
|0〉0|0〉1|α〉2 7→
∣∣∣∣ 14√5α
〉
Ai
∣∣∣∣ 14√5α
〉
Ai+1
∣∣∣∣∣
(
1− 2√
5
)1/2
α
〉
Aanc
. (27)
Then let us consider a general input state in mode 2 instead of a coherent state. The input field can be represented
as ρˆin = |0〉0〈0| ⊗ |0〉1〈0| ⊗ ρˆ, where the the Glauber–Sudarshan P function of ρˆ is denoted by P (α). The Glauber–
Sudarshan P representation of the input field can be written as:
ρˆin =
∫
d2γ
∫
d2β
∫
d2α δ(γ)δ(β)P (α) |γ〉0〈γ| ⊗ |β〉1〈β| ⊗ |α〉2〈α|. (28)
And the output field of the optical network can be represented as
ρˆout =
∫
d2α P (α) |α/ 4
√
5〉Ai〈α/ 4
√
5| ⊗ |α/ 4
√
5〉Ai+1〈α/ 4
√
5| ⊗ |
√
1− 2/
√
5α〉Aanc〈
√
1− 2/
√
5α|. (29)
If the value of β for a coherent state |α〉 as input is denoted as β(α|Ej) =
∑
iMi (α|Ej) under Ej , generally the value
of β for the state ρˆin is
βEj =
∫
d2α P (α) β(α|Ej). (30)
In our case, applying the operator Oˆ = |0〉Ai〈0| ⊗ |0〉Ai+1〈0| + (1 − |0〉Ai〈0|) ⊗ (1 − |0〉Ai+1〈0|) − (1 − |0〉Ai〈0|) ⊗
|0〉Ai+1〈0| − |0〉Ai〈0| ⊗ (1 − |0〉Ai+1〈0|) on the state, and recalling that the experiment has 5 symmetric contexts, we
arrive at the value of β under E3
βE3 = 5×
∫
d2α P (α)
[
1− 2 exp
(
−|α|2/
√
5
)]2
, (31)
βE3 = 5×
∫
d|α| P˜ (|α|)
[
1− 2 exp
(
−|α|2/
√
5
)]2
, (32)
where P˜ (|α|) represents the qusi-probability distribution P˜ (|α|) = ∫ 2pi
0
dφ |α|P (α), φ = arg(α) [40]. The photon
number distribution of the input state can also be derived by this qusi-probability distribution:
P(n) =Tr(ρˆin|n〉〈n|)
=
∫
d2α P (α)|〈n|α〉|2
=
∫
d|α| P˜ (|α|) exp(−|α|2) |α|
2n
n!
. (33)
The photon number distribution P(n) can be represented as an average over Poissonian distributions. To violate the
KCBS inequality the β value should be less than −3, i.e.
5×
∫
d2α P (α)
[
1− 2 exp
(
−|α|2/
√
5
)]2
< −3. (34)
In our case, since the β value for a coherent state input always can not violate the inequality in spite of the average
photon number [min(β) = 0 for coherent states], there should be some non-classicality in the P-representation of the
input state P (α) if a violation is observed with this input state.
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FIG. 7. The simulation results of different optical states: (a) the mixture of single photon state |1〉 and coherent state |α〉;
(b) the mixture of single photon state |1〉 and thermal state ρth.
Moreover, if the measurement device has a detection efficiency η due to some losses in the setup, the output state
should be
|0〉0|0〉1|α〉2 7→
∣∣∣∣√η4√5α
〉
Ai
∣∣∣∣√η4√5α
〉
Ai+1
∣∣∣∣∣√η
(
1− 2√
5
)1/2
α
〉
Aanc
, (35)
which yields the result
βE3 = 5×
∫
d2α P (α)
[
1− 2 exp
(
−η|α|2/
√
5
)]2
. (36)
In summary, the violation of the NC inequality without post-selection will depend on the non-classicality of the input
light field. As an example, we perform numerical simulations for the mixture of single photon state |1〉, coherent state
|α〉 and thermal state ρth =
∑
n n¯
n
th/(1 + n¯th)
n+1|n〉〈n| to demonstrate different violations of the KCBS inequality.
Specifically, we show the simulation results for 2 kinds of optical states:
(i) The mixture of the single photon state |1〉 and the coherent state |α〉,
ρ1 = (1− λ)|1〉〈1|+ λ|α〉〈α|. (37)
(ii) The mixture of the single photon state |1〉 and the thermal state ρthermal with average photon number nth,
ρ2 = (1− λ)|1〉〈1|+ λρth. (38)
The simulation results are shown in Fig. 7. As we expected, violating the KCBS inequality is a sufficient but not
necessary condition for the negativity of P (α). The P functions of the two states generally possess negativity since
they have a single photon state in the mixture, but violating the inequality demands a higher ratio of single photon
state in the mixture.
On the other hand, if we apply post-selection on the detection part, the value of β for the measurement event E1
with perfect detection can be written as:
βE1 = 5×
∫
d2α P (α)
exp
(−2|α|2/√5)− 2 exp [− (√5− 1) |α|2/√5]+ exp(−|α|2)
exp
(−2|α|2/√5)+ 2 exp [− (√5− 1) |α|2/√5]− 3 exp(−|α|2) . (39)
Since β(α|E1) ≤ 5− 4
√
5, the inequality can be violated under this condition even with a classical P (α) as input. For
E2 we have
βE2 = 5×
∫
d2α P (α)
1− exp (−|α|2)+ 4 exp (−2|α|2/√5)− 4 exp (−|α|2/√5)
1− exp (−|α|2) . (40)
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The equation can also be represented in terms of post-selection probability P (E2),
βE2 = 5×
∫
d2α P (α)
[
1 +
β (α|E3)
P (E2)
− 1
P (E2)
]
. (41)
Substituting the P function of the single photon state P (α) =
(
1 + 14∆
)
δ(α) into Eq. (30), one can find that the
KCBS value of β(α|E1) under the limit α→ 0 is equal to the value of single photon state under E3. Similarly, consider
the state
|µ〉 =
∞∑
n=1
exp(−|α0|2/2)
[1− exp(−|α0|2)]1/2
αn0
(n!)1/2
|n〉 (42)
which is equivalent to a coherent state with vacuum component removed. The state possesses a P function
P (α) =
1
1− exp(−|α0|2)δ(α− α0)−
exp(−|α0|2)
1− exp(−|α0|2)δ(α), and the KCBS value of β(α0|E2) is equal to the value
for the state |µ〉 as input under E3.
For the single photon state |1〉 with P (α) = (1 + 14∆) δ(α) as the input, it can be found that the violation is the
same under the three definitions E1, E2 and E3, i.e. βE1 = βE2 = βE3 = 5− 4
√
5 according to Eq. (30).
EXPERIMENTAL DATA
TABLE IX. The registered measurement results for single photon experiment. Here Ca,(b,c),T denote the coincidence count rate
in 1.4s between the detectors a, (b, c) and the trigger detector (the idler mode in SPDC), and NT denotes the corresponding
count rate in the trigger detector. The values in the brackets represent standard uncertainties given by 150 repetitions of the
experiment and data collection.
C1,T C2,T C3,T C1,2,T C1,3,T C2,3,T C1,2,3,T NT
{A1, A2} 25347(193) 25075(178) 6082(84) 72(9) 19(4) 19(5) 0(0) 346798(1640)
{A2, A3} 26569(202) 5696(86) 25698(194) 20(4) 77(9) 19(4) 0(0) 356275(1352)
{A3, A4} 6494(80) 24918(178) 26345(211) 20(5) 21(5) 75(8) 0(0) 360549(1469)
{A4, A5} 27041(225) 25313(198) 6779(86) 77(9) 24(5) 23(5) 0(0) 363776(2026)
{A5, A1} 27349(207) 26333(178) 6244(91) 79(9) 22(5) 21(5) 0(0) 366636(1353)
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TABLE X. The registered measurement results for classical light filed inputs. Here Ca,(b,c),T denote the coincidence count rate
in 1.4s between the detectors a, (b, c) and the trigger signal (the synchronizing signal of the pulse picker), and NT denotes
the corresponding count rate in the trigger signal. The values in the brackets represent standard uncertainties given by 150
repetitions of the experiment and data collection.
n¯ = 0.10 C1,T C2,T C3,T C1,2,T C1,3,T C2,3,T C1,2,3,T NT
{A1, A2} 119146(656) 118814(674) 29801(212) 5519(91) 1390(41) 1390(40) 65(8) 2591148(1)
{A2, A3} 120200(941) 26983(281) 120803(1048) 1268(42) 5669(112) 1277(45) 60(8) 2591149(0)
{A3, A4} 29812(262) 114535(863) 120642(971) 1341(41) 1405(38) 5416(91) 62(8) 2591154(0)
{A4, A5} 119672(1042) 112374(1281) 30486(456) 5250(119) 1429(45) 1344(48) 63(8) 2591153(1)
{A5, A1} 118994(943) 114533(951) 26860(288) 5329(110) 1259(44) 1217(43) 57(7) 2591152(0)
n¯ = 0.40 C1,T C2,T C3,T C1,2,T C1,3,T C2,3,T C1,2,3,T NT
{A1, A2} 421355(3326) 418210(3245) 109382(1042) 68666(1068) 17994(351) 17886(323) 2948(93) 2591147(0)
{A2, A3} 433901(1231) 103593(386) 432928(1220) 17508(150) 73118(439) 17511(154) 2964(58) 2591147(0)
{A3, A4} 115941(1474) 405581(2188) 427735(2393) 18309(298) 19348(344) 67625(763) 3071(82) 2591145(0)
{A4, A5} 431660(4489) 402893(3439) 114514(1112) 67727(1263) 19314(362) 18032(325) 3050(90) 2591145(0)
{A5, A1} 424048(4667) 410394(3930) 104782(1548) 67783(1055) 17333(353) 16789(386) 2779(93) 2591146(1)
n¯ = 0.72 C1,T C2,T C3,T C1,2,T C1,3,T C2,3,T C1,2,3,T NT
{A1, A2} 717113(7035) 690496(6908) 194970(2247) 192895(3832) 54581(1185) 52589(1121) 14782(465) 2591145(0)
{A2, A3} 707364(11448) 185247(3448) 680115(11717) 51256(1715) 188436(5988) 49489(1696) 13765(675) 2591144(1)
{A3, A4} 210232(1300) 697006(2022) 732012(1846) 57056(459) 59952(515) 198775(1090) 16362(194) 2591144(0)
{A4, A5} 719289(5133) 685378(4151) 199189(1474) 192063(2528) 55986(766) 53349(709) 15053(311) 2591142(0)
{A5, A1} 731302(6914) 712236(4699) 196599(1824) 202803(3202) 56016(988) 54567(824) 15611(375) 2591142(0)
n¯ = 0.99 C1,T C2,T C3,T C1,2,T C1,3,T C2,3,T C1,2,3,T NT
{A1, A2} 897217(8187) 861074(7947) 251446(2828) 302309(5271) 88699(1711) 85192(1685) 30156(848) 2591147(1)
{A2, A3} 959875(2193) 265437(829) 924061(2337) 99344(565) 345923(1643) 95879(561) 36051(329) 2591149(0)
{A3, A4} 278189(1557) 926253(3816) 925607(4612) 100397(981) 100443(1007) 334755(2851) 36496(522) 2591149(0)
{A4, A5} 946736(5764) 923119(5554) 273625(2350) 340558(3975) 101080(1364) 98725(1274) 36627(681) 2591148(1)
{A5, A1} 951452(5331) 926865(6464) 279351(1825) 343924(4237) 103876(814) 101411(823) 37861(491) 2591147(0)
n¯ = 1.24 C1,T C2,T C3,T C1,2,T C1,3,T C2,3,T C1,2,3,T NT
{A1, A2} 1115288(5367) 1081923(5058) 326521(2343) 470045(4425) 141901(1621) 137749(1525) 60177(958) 2591146(0)
{A2, A3} 1126739(5336) 314891(2065) 1101507(6182) 138200(1550) 483343(4754) 135289(1568) 59669(963) 2591145(0)
{A3, A4} 338075(1071) 1078697(1676) 1106430(1658) 141996(594) 145671(629) 465190(1360) 61561(365) 2591145(0)
{A4, A5} 1106730(6316) 1067832(7400) 335458(2607) 460636(5708) 144953(1823) 140054(2003) 60772(1177) 2591144(0)
{A5, A1} 1115093(2525) 1090014(4168) 335552(4281) 473394(2716) 145785(1779) 142681(1584) 62308(705) 2591144(0)
n¯ = 1.57 C1,T C2,T C3,T C1,2,T C1,3,T C2,3,T C1,2,3,T NT
{A1, A2} 1318906(5593) 1291769(5611) 428766(2478) 663785(5796) 220573(2247) 216089(2230) 111736(1647) 2591216(0)
{A2, A3} 1346500(3073) 397968(1320) 1345865(3122) 208695(1161) 705972(3099) 208919(1165) 110158(890) 2591215(1)
{A3, A4} 415002(2674) 1240955(5240) 1303059(6136) 200562(2146) 210617(2231) 630461(5533) 102429(1536) 2591208(0)
{A4, A5} 1280196(4707) 1230235(4300) 426232(2684) 613613(4297) 212748(1979) 204461(1876) 102607(1258) 2591209(0)
{A5, A1} 1324944(5144) 1311555(4218) 379163(2571) 676899(4759) 195756(2029) 193872(1848) 100637(1352) 2591210(0)
n¯ = 1.84 C1,T C2,T C3,T C1,2,T C1,3,T C2,3,T C1,2,3,T NT
{A1, A2} 1455626(2947) 1424706(2985) 492345(1515) 807816(3273) 279096(1416) 273356(1438) 155817(1146) 2591222(1)
{A2, A3} 1449516(9606) 452415(4344) 1439459(9698) 255813(4169) 814156(10871) 254502(4142) 144729(3354) 2591223(0)
{A3, A4} 480699(1714) 1425190(4068) 1465853(3883) 266827(1591) 274549(1591) 814810(4481) 153422(1311) 2591224(0)
{A4, A5} 1463814(11009) 1424103(10769) 511443(2737) 813015(12255) 292407(3499) 284713(3440) 163604(3188) 2591225(0)
{A5, A1} 1476570(7297) 1468857(8392) 454731(3931) 845609(8594) 262060(3331) 260935(3443) 151153(2628) 2591226(0)
